We report on the demonstration of an integrated slab-waveguide-based concentric Fabry -Perot resonator that employs holographic Bragg ref lectors as cavity mirrors. The cavity, produced in a low-loss silica-on-silicon slab waveguide by high-fidelity deep-ultraviolet photolithographic fabrication, exhibits a ref lectivity Previous research with PLC-based cavities has included Fabry -Perot 6,7 as well as ring resonator 1 -5,13 -15 architectures. Use of the former geometry has been restricted to one-dimensional ridge waveguide segments sandwiched between dielectric or Bragg ref lectors, an approach that is substantially different from the fully two dimensional slab-waveguide-based approach pursued here. Ring resonators have been a focus of intense photonics research for a long time and have been achieved by use of both high-and low-refractive-index materials. The latter approach provides large free-spectral ranges (FSRs), yet high propagation losses have impeded practical device implementation. Q factors of 10 6 were demonstrated in low-index-contrast silica-based ring resonators, 13, 14 but FSRs demonstrated to date are limited to less than 100 GHz (Ref. 15) owing to constraints on acceptable bending losses. Additional drawbacks of the ring resonator architecture are the typically polarization-dependent waveguide-to-ring-resonator coupling and ring propagation constants 1,16 as well as the general lack of design f lexibility in wavelength tailoring of the coupling constant. Recent advances in this area show promise for resolution of these issues.
Optical resonators based on planar lightwave circuits have recently attracted much attention as the basis of a range of spectral f iltering applications including add-drop channel f ilters, 1 -3 wavelength-division multiplexers -demultiplexers, 4 dispersion compensators, 5 sensors, and tunable f ilters and modulators. 6, 7 We report on a different approach to integrated resonator design that employs silica-on-silicon-based holographic Bragg ref lectors 8 (HBRs) and a concentric Fabry -Perot architecture. HBRs are computergenerated holographic refractive-index structures created throughout regions of slab waveguides by deep ultraviolet projection photolithography. They have recently been demonstrated as engines for coarse, 9 dense, 10 and code-division 11 multiplexing as well as general f iltering applications including spectral comparison. 12 Previous research with PLC-based cavities has included Fabry -Perot 6, 7 as well as ring resonator 1 -5,13 -15 architectures. Use of the former geometry has been restricted to one-dimensional ridge waveguide segments sandwiched between dielectric or Bragg ref lectors, an approach that is substantially different from the fully two dimensional slab-waveguide-based approach pursued here. Ring resonators have been a focus of intense photonics research for a long time and have been achieved by use of both high-and low-refractive-index materials. The latter approach provides large free-spectral ranges (FSRs), yet high propagation losses have impeded practical device implementation. Q factors of 10 6 were demonstrated in low-index-contrast silica-based ring resonators, 13, 14 but FSRs demonstrated to date are limited to less than 100 GHz (Ref. 15) owing to constraints on acceptable bending losses. Additional drawbacks of the ring resonator architecture are the typically polarization-dependent waveguide-to-ring-resonator coupling and ring propagation constants 1, 16 as well as the general lack of design f lexibility in wavelength tailoring of the coupling constant. Recent advances in this area show promise for resolution of these issues. 17 Because of its folded Fabry -Perot geometry the present approach to resonator design allows access to FSRs that substantially exceed those of silica-based ring resonators. Furthermore, the low-loss silica platform makes HBR-based resonators fully consistent with similar Q factors. HBR cavity mirrors are physically distinct elements whose ref lective properties can be broadly tailored in a straightforward fashion, 8 thus affecting desired cavity spectral properties. of 12.7 mm and 20 mm, respectively, which is adiabatically increased from 6 mm at the die edge via a 0.5 mm-long taper. The cavity's footprint (excluding the access waveguides) is a mere 8.5 mm 2 . Figure 1 (b) is a partial cross-sectional view of one of the cavity's HBRs. In the HBR region the silica slab waveguide consist of a doped dual-layer core and bilateral 15-mm-thick cladding layers. The dual-layer core comprises a 1-mm-thick grating layer that has a 13% refractive-index contrast relative to the cladding and a 1.6-mm-thick core layer with a 11% refractive-index contrast relative to the cladding. Depicted at the interface between the two core sublayers are cross sections of representative lithographically scribed grating contours. The diffractive contours, with depth d ഠ 850 nm, consist of trenches etched into the grating layer and f illed with material of the upper core sublayer. The HBR operates in first diffractive order with a contour spacing, L, of ϳ500 nm, i.e., one half of the in-medium wavelength of resonant light. Outside the grating region the thicknesses of the upper core and grating layers are 2 mm and 150 nm, respectively (the same etch that creates the HBR etches away most of the grating layer outside the cavity and in its interior). The cavity was fabricated on a deep-ultraviolet optical stepper employing a laser-written reticle and standard etching, deposition, and annealing processes. Figure 2 (b) shows a portion of the cavity's transmission spectrum. The cavity's FSR and bandpass were determined to be 25.9 (0.04) and 2.8 (0.2) GHz, where the numbers in parentheses are error limits, yielding a f inesse of 9.2 (0.6). The choice, in Fig. 2, of showing the cavity's spectral properties for TM rather than TE-polarized input light was an arbitrary one. For TE-polarized light, the bandpass and the finesse were found, respectively, to be 2.56 (0.14) GHz and 10.2 (0.6). Error bars represent standard deviations over multiple observed cavity resonances. The TE-finesse value is higher than for TM polarization owing to a slightly higher mirror ref lectivity for TE polarization, as we detail in what follows. The absolute intrinsic insertion loss of the cavity, measured off cavity resonance in retroref lection for TM [TE] polarization, was 0.3 (0.1) dB [0.4 (0.1) dB]. This value excludes fiber-to-die coupling but includes channel-to-slab internal coupling. The insertion loss difference for the two polarization states, commonly referred to as polarization-dependent loss, was found to be 0.1 (0.2) dB.
It is instructive to compare the measured cavity performance with the theoretically expected behavior and specif ically to attempt to quantify cavity loss. Examples of potential sources of loss are scattering and (or) absorption within the HBRs or in the cavity's internal waveguide region and diffractive losses from the conditionally stable cavity. Furthermore, a fully two-dimensional cavity as considered here is highly sensitive to, and is thus a powerful diagnostic tool for, fabrication errors, such as effective index inhomogeneities of the interior slab waveguide and inaccurate lithographic rendition of the HBR contours. Such errors affect the transverse spatial coherence of the intracavity f ield and limit f inesse. The importance of transverse spatial coherence makes the present two-dimensional resonator substantially different from previously demonstrated onedimensional Fabry -Perot cavities. 6, 7 Interestingly, we have found that fabrication errors that affect the transverse wave-front coherence are so small that measured cavity performance correlates essentially perfectly with a one-dimensional cavity with ref lectivity-limited finesse.
Based on measurement of other HBRs fabricated simultaneously with the Fabry -Perot cavity of Fig. 1 comparable with the round-trip loss. Importantly, however, comparison of theoretically derived with measured f inesse values indicates that the cavity loss is not only small but is actually consistent (within experimental error) with zero loss. The observed f inesse allows us to set an upper limit on the round-trip cavity f ield loss (HBRs and internal slab waveguide region) equal to 1.2% [ 6 or more may be readily obtainable to provide Q-value performance similar to that offered by silica-based ring resonators. 13, 14 It is well known from optical resonator theory 18 that phase errors that affect transverse spatial coherence can constrain the maximally achievable f inesse. Specifically, an optical path-length variation of l͞M across a cavity's aperture implies a (mirror-figurelimited) f inesse of M͞2. Consequently, our finesse result indicates that in this device the phase errors that were due to inaccurate lithographic rendition or refractive-index variations are limited to only ϳl͞20 or less. The profound ultrahigh fabrication fidelity testifies to the power of the deep-ultraviolet photolithographic fabrication process and the uniformity of the slab-waveguide environment.
In the present device a weak polarization dependence of the cavity transmission spectrum was measured. Specifically, TE-polarized input light was found to be resonant with the cavity at wavelengths that were redshifted by ϳ80 pm from the TM response. Preliminary results with HBR test structures indicate that tuning of HBR birefringence properties by structural and compositional tailoring of the grating layer morphology is possible. Such tuning provides a pathway to compensate for differences in propagation constants found in the cavity interior, thus yielding a polarization-insensitive spectral response. Note that, in the limit of low loss, an inherent advantage of the present cavity design, which employs equally ref lective mirrors, is that any polarization dependence of the mirror's ref lectivity will affect only the width of the cavity resonances but not their peak transmission. In the limit of high ref lectivity, the present cavity type exhibits not an appreciable true polarizationdependent loss but rather a (small) difference in the ref lection bandwidth, an effect that is often irrelevant to resonator operation.
In summary, an integrated concentric Fabry -Perot cavity based on holographic Bragg ref lectors has been demonstrated. HBRs make possible slab-waveguide analogs of general three-dimensional discrete mirrorbased resonators, including those with standing or traveling wave modes. Enabled cavities include stable single-mode designs and more-complex modedegenerate varieties such as the confocal resonator. The present results indicate that Q values comparable with those of integrated silica ring resonators can be achieved. The ref lective geometry of the HBR-based cavities means that large FSRs (which are diff icult to achieve in low-index contrast ring resonators) can easily be achieved. Ref lection bands of the physically distinct HBR-based cavity mirrors can be tailored with previously demonstrated apodization approaches. 8 This permits, for example, unambiguous filtering operation when mirror passbands are limited to one or a few spectral ranges in width. HBR-based integrated cavities may be used as all-pass phase-only filters for dispersion compensation.
